settled In the laboratory prior to the thickening tests as shown in Figure 1,
The Cambridge €SO was settled in the detention tank itself and two

separate samples were used for the thickening tests as shown in Figure 2.
Bench-scale tests consisted of gravity, flotatfon, and centrifugation
thickening.

The average quantities of sludge requiring dewatering treatment for the two
sites were calculated to be approximately 131 cu m (34,700 gal.) and 68 cu m
{18,000 gal.) on a per storm event basis (Table 2). The chemical clarifi~
cation of Milwaukee (Humboldt Avenue) tank contents produced a residual
with 1.74% solids while the sedimented residue samples obtained from Cam-
bridge showed 4.4% and 112 solids for two separate samples. The flux con-
centration curves (see Appendix B for details of curve construction) for
the gravity thickening tests for Milwaukee and Cambridge samples are shown
in Figures 3 and 4. From these curves, It can be seen that for Milwaukee,
the sludge could be concentrated to 6% solids at an allowable mass loading
rate of approximately 45 kg/sq m/day (9 1bs/sq ft/day). The corresponding
concentration level achieved for the Cambridge sludge was 14% solids with
the more concentrated raw sample at 160 kg/sq m/day (32 lbs/sq ft/day)
without any chemicals. The results of the flotatlon thickening tests for
the two sites are shown in Flgures 5 through 8. It was found essential to
use flocculating chemicals (cationic polyelectrolytes such as Atlasep

105C and Dow C-41) to aid flotation. Optimum flotation thickening results
were achleved at recycle rates between 300 and 600% and polyelectrolyte
dosages between 1 and 3 kg/m ton (2 to 6 ibs/ton). Scum solids concen-
trations of 11 to 14% for Milwaukee and 6 to 8% for Cambridge sample (with
the 4.4% solids raw sample) at the above mentioned optimum chemical dosages
and recycle rates were achieved. The results of the centrifuge tests for
the two storage tank reslduals are presented in Tables 8 and 9. Again
optimum resuits were achieved with the aid of the cationic polyelectroiyte,
Dow C~41, Optimum solids recoveries were achieved at gravitational force
between 700 and 1,000 6 and spin time between 60 and 120 seconds. Cake
solids between 30 and 35% could easily be achieved for both sludges under
optimum conditions.

A summary of the estimated area and cost requlrements of various dewatering
techniques under optimum treatment conditlons for the two storage/settling
type treatment sites is shown in Table 10. The totail annual costs shown in
this table Include the amortized capital costs, operating costs and the
cost of hauling the ultimate treatment resliduals to a landfill area. It is
also assumed that the dewatered supernatant liquid can be discharged

to the dry-weather treatment facilities. Additional detalls of the cost
estimates are presented in Appendix C. For comparison, vacuum filtration
treatment costs are also included based on englneering judgment and filter
performance for other sludges evaluated in thls study. Examination of
Table 10 shows that centrifugation was the optimum dewatering process based
on performance, area and cost reqguirements for both the storage treatment
sites evaluated in this study.

Philadelphta, PA

As mentioned earlier, the backwash wastewaters produced from the micro-
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Figure 5. Flotation thickening results for Milwaukee (Humboldt Ave.)
W), storage/settling sludge - without chemicals
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Figure 6, Flotation thickenling results for Milwaukee, Wl
(Humboldt Avenue) storage/sett!ing sludge-with chemicals
(A)1 tests at 290% recycle rate)
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Figure 7. Flotation thickening results for Cambridge, MA
storage/settling sludge-without chemicals

33



(1bs/sq ft/day)

MASS LOADING, kg/sq m/day

hoo |-

(82.0)
(o]
350 | \
(71.75)
300 L
A 500% RECYCLE RATE
{61.50) ° o+~ ATLASEP 105C POLYMER 1.1 kg/m ton
e
51 igs = 540% RECYCLE RATE
. | ATLASEP 105C POLYMER 2.3 kg/m ton
Ag
200 L
(41.0) o
\\ | £1
50 | A
570% RECYCLE RATE
(30. 45) = fo—k— ATLAseP 105 PoLYMER
\ N 0.6 kg/m ton
i | 4
100 k D
570% RECYCLE RATE WITHOUT
(20.25) « 4 POLYMER
A
R
*
50 b | (o]
(10.25) T | 4
t
0 1 1 | - 1
5 6 7 8 9 0

ESTIMATED SCUM CONCENTRATION, 2

Flgure 8. Flotation thickening results for Cambridge, MA
storage/settling sludge - with chemicals
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screening treatment of CSO are quite dilute In nature and pre-concentration
of these wastes is necessary prior to any dewatering. Because of the many
difficulties experienced in collecting a suitable sludge sample from this
site, a synthetic waste sample was produced for bench-scale dewatering tests
by flushing the site drainage area with fire hydrant water. !t was hoped
that the waste sample produced would be similar to the actual screen back~
wash waste. However, only an extremely !imited amount of concentrated
sludge sample could be generated by the hydrant flushlng and the data ob-
tained was highly questionable. 1t was felt that any conclusions derived
from such data would not be meaningful and may be misleading. Therefore,

It was decided to omit the data from the treatment feasibility tests for
this site. However, evaluations were conducted on the pump/bleedback
concept for this wastewater, and are presented in Sectlon VIl of this report.

B. PHYSICAL/CHEMICAL TREATHENT

Three samples of residuals were obtained under this category of CSO treatment.
Two of these samples were procured from screening/dissolved-air flotation
treatment facilities in Mllwaukee and Racine, Wi. The third sample was
obtained from the dissolved-alr flotation treatment facillty In San Francisco,
CA.

Racine, Wl

Two separate samples of the combined screen backwash and flotation scum
from the sludge holding tank were obtalned In Racine. A schematic of the
various dewatering tests conducted on these samples is shown In Fligure 9.
The average quantity of the residuals (both floated scum and screen back-
wash) requiring handling and/or treatment on a per storm basis for the
Racine facility Is estimated to be 458 cu m (121,000 gal,) at a suspended
solids concentration of 8,430 mg/1 (Table 2). The flux concentration

curve for the gravity thickening tests for Racine sludge Is shown in Flgure
10. The sludge settled extremely well with and without chemlcals. Using
the Coe and Clevenger (8) and Mancin! (9) method of gravity thickening
analysis, underflow concentrations greater than 15% sclids could be expected
at extremely high solid loading rates In excess of 2,000 kg/sq m/day

(400 1bs/sq ft/day).

The results of the flotation thickening tests are shown In Figures 11 and 12.
Addition of 0.2 kg/m ton (0.4 lbs/ton), of Atlasep !Al polymer helped to
produce better flotatlon thickening results. Solids concentrations of up

to 8% could be estimated for the thickened scum. However, due to the dilute
nature of the sludge, when a sample was gravity thickened first to about 7%
solids and then flotatlon thlckened, solids concentrations of 15 to 19%
could be achieved. Optimum recycle rates were between 300 and 400% and

mass loading rates of 200-250 kg/sq m/day (40-50 1bs/sq ft/day) could be
successfully utilized.

The results of the centrifuge tests for Racline sludge are presented in Table

11. Several samples were tested for centrifugation at various feed solid
levels shown in the table. Generally, the tests showed amenability of the
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Figure 10. Flux concentration cu
. rve for Racine, W!
screening/ dissolved-air flotation sludge - withoué chémicals
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Figure 11, Flotation thickening resuits
for Racine, Wi, screening/dissolved-air flotation sludge
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sludge to centrifugation. Addition of chemical flocculants alded centrifu-
gation but dld not provide very signiflcant improvement In the results.

Sludge samples wlthout prior gravity thickening showed high cake solids
(20-30%) but the scrollablllity of thls sludge was found to be poor, indicating
that a basket type centrifuge would be required for direct sludge centrifuga-
tion as opposed to a scroll type centrifuge. However, when the raw sludge
vasgravity thickened prior to centrifugation, cake solids as high as 30 to

35% could be achieved for a scroll type centrifuge. Optimum solids recover-
ies were achieved at gravitational forces between 600 and 1,000 G and

spin time between 60 and 120 seconds.

Vacuum filtration test results for Racine sludge are presented In Table 12.
Buchner Funnel tests indicated that lime at a dosage of 147 kg/m ton

(294 1bs/ton) in conjunction with anlonic polyelectrolyte, Atlasep [Al, at
a dosage of 0.7 kg/m ton (1.4 1bs/ton) provided optimum results for vacuum
flltration on sedimented sludge samples with a feed sollds concentration
of approximately 3%. Optimum cake solids (20 to 25%) with good cake dis-
charge characteristics were observed with either a 4/1 satin multifilament
or a 7/t satin monofilament cloth. Optimum yield rates were between 14 to
18 kg/sq m/hr (2.9 to 3.7 ibs/sq ft/hr) at a submergence of 37.5%. It was
also observed that sludge may be free draining and therefore amenable to
dewatering via gravity draining. In this regard, one liter of sludge
treated with 1.1 kg/m ton (2.2 lbs/ton) Al was poured on to an open weave
filter cloth (1/1 plain weave, saran, monofilament 30x25 threads per inch).
After gravity drain of several seconds the cloth was wrapped around the
dewatered sludge to form a ball., The sludge ball was then compressed by
hand to further dewater the sludge., The filtrate volume was 910 mi. Cake
solids were 24.6% and filtrate suspended sollds were 405 mg/l. No problem
was encountered with discharge from the cloth media. This indicates that
a gravity draln-compression or filter press type dewatering may be
applicable for such CSO sludges.

Ml lwaukee, WI (Hawley Road)

A sludge sample of the floated scum without any screen backwash water was
obtained from the Hawley Road treatment facility for bench-scale tests. A
schematic of the various bench~scale dewatering tests conducted on'this
sample s shown in Figure 13. Hawley Road is only a small demonstration
treatment facility and treats less than 4% of the CSO at its outfall Joca-
tion. Based on published data (20) it is indicated that the flotation

scum volumes requiring handling and/or treatment would be approximately
0.7% of the raw CSO volume treated and are comparable to the corresponding
residual sludge volumes for Racine and San Francisco flotation scum

volumes as discussed in Sectlon V. The fiux concentration curves for the
gravity thickening tests for this sludge are shown In Figures 14 and 15.
The sludge was found to be amenable to gravity thickening and underflow
solids concentrations of 8 to 10% could be achieved. Addition of floccula-
ting chemicals alded in the gravity thickening by providing improved mass
loading rates (from 200 to 300 kg/day/sq m (40 to 60 lbs/sq ft/day) €10%
solids) as shown in the flux curves. Optimum chemical was found to be a
cationic polyelectrolyte, Dow C-41, at a dosage of 4 to 5 kg/m ton (8 to 10
1bs/ton).
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3A3 3.65%
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y y A
FLOTATION GRAV I TY GRAVITY CENTRIFUGATION
THICKENING THICKENENG THICKENING
ATLASEP 3A3 POLYMER
0.76 kg/m ton
ATLASEP 3A3 POLYMER AND
0.2 kg/m ton LIME 95 kg/m ton
{
Y
VACUUM
CENTRIFUGATION FILTRATION
Figure 13.
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Milwaukee, Wl (Hawley Road) - bench scale dewatering tests
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The results of flotation thickenlng tests are shown In Figure 16, Without
the aid of any chemicals, scum concentrations of up to 152 could be expected
at a solids loading rate of approximately 75 kg/sq m/day (15 lbs/sq ft/day).
However, use of an anlonic polyelectrolyte, Atlasep 3A3, provided a scum
concentration of 10-11% at significantly higher loading rates of the order
of 250-350 kg/sq m/day (50-70 lbs/sq ft/day). Optlmum recycle rates ranged
between 350 and 400%.

Centrifugation test results are shown In Table 13. Again, prior gravity
thickening and chemical addition (0.2 kg/m ton, Atlasep 3A3) helped to pro-
vide Improved cake solids. Raw scum ylelded a cake solids concentration in
the range of 19 to 23% while chemically treated and sedimented sludge

{feed concentration 9-10% solids) yielded cake solids of approximately 22
to 30% upon centrifugation. Optimum solids recoverles were achleved at
gravitational forces between 700 and 1,000 G and spin time between 60 and
120 seconds.

Vacuum filtration tests on this sludge were conducted on gravity thickened
samples having a feed soilds concentration of 10.3%, The test results are
shown In Table 14. Buchner Funnel tests showed that a chemlcal combination
of lime (95 kg/m ton) and Atlasep 3A3 (0.8 kg/m ton) provided optimum test
results. Cake solids of up to 30% were achieved under optimum chemical
conditions. Optimum yleld rates of 50 ka/sq m/hr (10 1bs/sq ft/hr) were
achleved at 37.5% submergence.

San Francisco, CA

A treatment schematlic of the various bench seale tests conducted on the
San Franclsco sludge sample Is shown In Figure 17. The grab sample ob-
tained for bench tests had a suspended sollds concentration of 2.25%

as compared to the flotatlon scum sample for Hawley Road at 3.65%
solids. The flux concentration curve for the gravity thickening tests
for this sludge 1s shown In Figure 18. The results showed generally poor
settling characteristics. Chemical coagulants were necessary for any
meaningful gravity thickening results. Even with the aid of chemical
coaguiants (up to |2 kg/m ten of Atlasep 105C, a cationic polyelectrolyte),
the sludge was thickeded only to a level of 2 to 3% solids at low mass
loading- rates of 50 to 70 kg/sq m/day (10-14 lbs/sq ft/day). At
signiflcantly reduced loading rates of the order of 10 to 20 kg/sq m/day
(2 or 4 -1bs/sq ft/day); thickening up to 4% solids may be possible. It
was Indicated that such poor performance for gravity thickening may be
due to the alum treatment of CSO utilized at this treatment facility.

The results of flotatlon thickening tests are shown In Figures 19 and 20.
Scum concentrations of up to 5 to 6% solid could be achleved at mass
loading rates between 50 to 100 kg/sq m/day (10-20 1bs/sq ft/day)} and
recycle rates between 350 and 450%. With the aid of Atlasep 105C

(0.4 to 0.5 kg/m ton dosage}, max!mum concentration of only 7.5% solids
was possible at similar mass loadings and recycle rates. (It should be
noted that the Atlasep 105¢ polymer used here has since been discontinued
for production by the manufacturer but any equivalent polymer should
provide comparable performance). Centrifuge test data for the

kg
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Flgure 16. Flotation thickening results

for Milwaukee, WI, Hawley Road., dissolved-air flotation sludge
{211 tests at 390% recycle rate for thickening)
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Figure 17. San Francisco, CA, - bench scale dewatering tests
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Figure 19. Flotation thickening results for San Franciseco, CA
dissolved-alr flotation sludge - without chemlcals
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Figure 20, Flotatlon thickening results for San Francisco, CA

dissolved-alr flotatlon sludge - with chemicals
(all tests at 370% recycle rate for thickening)
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San Francisco sample is presented in Table 15. Without chemical treat-
ment, the sludge showed poor scrollabillty characteristics and could be
concentrated only to about 7-8% solids. However, concentrations up, to

11% solids were achieved when chemlical treatment with Atlasep 105C

(0.5 kg/m ton) was utilized. It was indicated that the chemicailly treated
sludge could be treated with both the scroll and basket type centrifuges.
Marked improvement In the centrate clarity was also achieved with chemlical
clarification.

The results of the vacuum flltratlon tests are shown in Table 16. Buchner
Funnel tests Indicated that best filtratlon results were obtalned with

large dosages of lime (350 to 450 kg/m ton) instead of the cationlc poly-
electrolyte, Atlasep 105C that had shown optimum results for other dewatering
techniques. A 3 x 1 twill weave filter media provided the best cake discharge
characteristics with lime treatment, The loading and yieid rates shown

in Table 16 are based on dry welght of sludge solids. Cake solids of approx-
imately 18% for a yield of 15 to 20 kg/sq m/hr (3 to 4 lbs/sq ft/hr) were
achieved for the thickened sludge.

Treatment Costs for Physlcal/Chemical C50 Sludges

A summary of the estimated area and cost requirements of various dewatering
techniques under optimum treatment conditions for Physical/Chemical €SO
sludges is shown in Table 17. As mentioned earlier for storage treatment

the total costs shown include the amortizatlon of capital costs and the
hauling cost of the ultimate treatment residuals from the site along with
other operating costs such as labor, chemlcal, maintenance, power, etc.
Detalls of these cost estimates and the assumptions made to arrlve at them
are presented in Appendix C. It is evident that generally centrifugation
alone or In combination with gravity thickening are the optimum dewatering
steps based on performance, area and cost requirements. For Racine and San
Francisco, basket type centrifuges were considered for cost calculations
based on the results of the feasibility tests. It Is interesting to note
that the total cost of gravity or flotation thickening is significantly more
than centrifugation or vacuum filtration even when the latter are in
combination with the former. The reason for such a difference stems from

the hauling cost of the ultimate treatment residuals, which are significantly
larger in volume for gravity thickening and flotation thickening compared to
the residual volumes after centrifugation or vacuum filtration. For San
Francisco, the cost results of centrifugation and vacuum filtration are close;
while vacuum filtration edges out centrifugatlon in thickened solids
performance. This may be due to the nature of the raw sludge because of the
use of alum treatment at San Francisco, compared to ferric chloride treatment
at Racine and Milwaukee {Hawley Road).

C. BIOLOGICAL TREATMENT

Sludge samples from two sites using blological treatment were procured. Both
these sites are operated during wet-weather as well as dry-weather. A wet-
weather sludge sample was procured from Kenosha, Wl where the contact stabili-
zation activated sludge process is utilized. Four sludge samples were procured
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from the primary and secondary clarifiers at New Providence, NJ where
trickling filtration treatment 1s utilized during both the wet and dry-
weather treatment perlods.

Kenoshal Wi

A treatment schematic of the bench scale dewatering techniques Investi-
gated at Kenosha is shown in Figure 21. The average quantity of sludge
requiring handling and/or treatment on a per storm basis was estimated to
be 464 cu m (122,600 gal.) at a suspended sollds concentration of 0.8 to
1.0% solids. These values are based on published data (12) and analytical
results obtajned during thls study. The flux concentration curves for the
gravity thickening tests are shown in Figures 22 and 23. These curves
represent the test data without chemicals and with chemicals respectively.
As can be seen from these curves, this siudge showed poor amenabllity to
gravity thickening both with and without chemical aids. Sludge concentra-
tions of less than 2% sollds could be achieved at low solids loadings 10-
20 kg/sq m/day (2-4 1bs/sq ft/day). Such performance of a biological
sliudge Is similar to gravity thickening performance of conventional dry-
weather blologlical sludges.

The flotation thickening test results are shown in Flgures 24 and 25,
Optimum recycle rate was found to be approximately 200%. Chemical dosage
tests were conducted using Dow C-31, a catlonic polyelectrolyte and

Atlasep 3A3, an anlonlc polyelectrolyte based on chemical screening tests.
The catlonic polymer, C-31, produced optimum results and concentrations of

b to 5% solids could be achleved at mass loading rates of 50-100 kg/sq m/day
(10-20 lbs/sq ft/day).

Data on the centrifugation tests for the Kenosha sludge sample i{s shown in
Table 18. Bench test procedure for a scroli type centrlifuge Indicated poor
scrollability as evidenced by the zero resistance to penetration of the
centrifuged sludge In all tests. Chemical aids did not provide any Improve-
ment in test results both In terms of cake sollds, centrate clarity or
scrollabillity of the centrifuged sludge. Therefore, It was concluded that
scroll type centrifuge would not be applicable to the biological sludge at
Kenosha, However, a basket type centrifuge is expected to produce positive
results as evidenced by the cake solids up to 9% for centrifuged studge
{test no. 8) under optimum test conditions of 1000G and 120 seconds deten~
tion time. A combination of flotation thickenlng and centrifugation did
not provide any improvement in the test results for a scroll type centrifuge.

The results of vacuum filtration tests are shown in Table 19. Because of
the dilute nature of the raw sludge, all filtration tests were conducted
after flotation thickening of the raw sludge to a level of 3.1% solids.
Chemical dosage screening tests on a Buchner Funnel showed that a chemical
combination of 160 kg/m ton (220 1bs/ton) ferric chloride and 128 kg/m ton/
(256 ibs/ton) time provided optimum filtration results of the various filter
media investigated, best cake discharge characteristics were obtained with
the 4/1 satin nylon multifilament cloth. Cake solids of up to 15% for a
yleld of approximately 18 kg/sq m/hr (3.6 lbs/sq ft/hr) were achieved under
optimum test conditions.
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Flgure 24, Flotation thickening test results for Kenosha, Wl,

contact stabilization sludge (without chemicals)
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Figure 25. Flotation thickening test results for Kenosha, W|,
contact stabillzation sludge (wlth Atlasep 3A3 polymer

at 190% recycle rate)
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Figure 25 {(contd.) Flotation thickening test results for Kenosha, Wi
contact stabilization sludge (with DOW C-31 polymer at 130% recycle rate)
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